The VCSEL is connected to a 120-m multimode optical delay line. The "delayed" light is converted into electrical domain by a Picometrix DGM-32rx high-speed photodetector (PD). The electrical signal is amplified using a 30-dB gain wide bandwidth amplifier (G RF ). The output of the amplifier is filtered using a narrow-band bandpass microwave cavity filter, tuned at the desired carrier frequency, in order to extract an oscillation mode from the frequency comb generated, due to the delay line resonance modes. Finally, the oscillation loop is closed through a bias tee that delivers the high frequency modulation to the 850-nm onchip VCSEL. The oscillators were implemented in a clean room controlled at 22°C and the carrier is extracted through an electrical coupler. Figure 6 shows the implemented VBOs output spectrum at 10 GHz . From these figures, it is possible to infer that the mode-spacing corresponds well to the oscillation modes of the 120-m optical fiber delay line. This spacing, known as free spectral range, is 1.37 MHz for the implemented oscillators. The secondary oscillations are rejected, according to the frequency response and bandwidth of each filter. The 10-GHz filter has a bandwidth of 13.93 MHz and the 12-GHz filter is 18.69 MHz, when the −3-dB band criteria is considered.
The frequency stability of the implemented VCSELbased optoelectronic oscillators is characterized through the phase noise measurement. This measurement is performed Optical Engineering 070501-2 July 2019 • Vol. 58 (7) using a Rohde & Schwarz FSW50 electrical spectrum analyzer. Figure 7 shows the phase noise curves for each oscillator. For the 10-and 12-GHz VBOs, the phase noise values at 10 kHz offset are −78.7 and −73.8 dBc∕Hz, respectively. Table 1 presents the phase noise values for the two oscillators. These curves evidenced that the phase noise is lower for the 10-GHz VBO than for the 12-GHz VBO at the spot values. In Fig. 7 , several peaks are observed for the 10-GHz VBO phase noise curve from 4.15 to 20.75 kHz. The peak at 4.15 kHz is due to the free-space interface between the VCSEL and the coupling optical fiber. This free-space produces a light reinjection into the VCSEL cavity that in turn generates a small beating mode with five harmonics observed in the curve. It is important to note that the coupling optical fiber was not exactly at the same position for both oscillators, despite the use of a micrometric positioning system. In order to characterize the time-domain stability of the carrier, the measurement of the Allan standard deviation was performed using the VCSEL-based optoelectronic oscillator configuration. The Allan standard deviation indicates a numerical comparison of the variation of two frequency samples over a period of time. For this purpose, the measurement is performed using the FSW50 Rohde & Schwarz electrical spectrum analyzer and the software Allan variance tool downloaded from the Rohde & Schwarz website. The timedomain stability measurement is performed over a 300-s time window, and the spacing of each sample measurement is set to 0.1 s. Figure 8 shows the Allan variance curve for the 10-GHz VBO and 12-GHz VBO.
These curves allow one to infer that in the measurement range the 12-GHz VBO exhibits higher stability than the 10-GHz VBO. The time-domain stability of the oscillators is defined by several factors. The first one is the VCSEL relative intensity noise (RIN) at 10 and 12 GHz. When
VCSELs are under direct modulation, they may experience higher or lower RIN values. This depends on the resonance peak of the RIN curve. If the VCSEL is modulated at RIN resonance peak, it will experience a response degradation. In addition, the optoelectronic oscillator time-domain stability is linked to the microwave amplifier used for the setup.
In our experiments, different amplifiers are used for the 10-and 12-GHz OEOs, which may explain part of the stability behavior curve. However, when the two curves cross at 40 s, there is a degradation of the time-domain stability of the 12-GHz VBO while the 10-GHz VBO trend continues at the same magnitude order.
To enhance the time-domain stability of these VBOs, it is recommended to include an optical isolator at the optical fiber that collects the emitted light from the VCSEL, to avoid the reinjection phenomenon.
Conclusions
This paper presents the results of the implementation and characterization of two VCSEL-based optoelectronic oscillators for X and Ku bands using an 850-nm on-chip VCSEL under direct modulation and without any external modulation technique. These oscillators were characterized in terms of frequency-domain stability (phase noise) and time-domain stability (Allan standard deviation). Results are relevant considering that the authors are not using any frequency multiplication technique, just a relatively simple setup with a low cost and low power consumption laser.
It is concluded that it is possible to use a direct-modulated on-chip VCSEL at frequency as high as 13.3 GHz with no need of any external modulator. The current required to bias the VCSEL is lower than 10 mA, which contrasts with the higher requirements of DFB lasers of some tens of milliamperes.
To underline the relevance of these results, Table 2 presents the reported results of several workgroups for oscillators at the same frequency bands and the technology used for the implementation. The simplicity of the implemented VBOs of this work evidences that it has a high performance when compared to the topologies of other more complex optoelectronic oscillators. The aim of this work is to obtain the best performance with the simplest technology, considering future embedded applications that require low cost and low power consumption with no frequency multiplication.
To improve its performance, it is important to consider that the optoelectronic oscillator follows the concept of Optical Engineering 070501-3 July 2019 • Vol. 58 (7) additive noise sources. Each component is considered a noise source. From this approach, it is necessary to find a trade-off between the electronic and optical components in order to reduce the noise contribution of each device to the total oscillator noise. 18 In this sense, from the optical side, the use of a low RIN laser is required, taking into account that under direct modulation the RIN is converted into phase noise. 19 For this reason, some authors have shown that there is a trade-off between the direct modulation response of the laser and its RIN value depending on the laser aperture. A small laser aperture leads to a lower RIN value but also to a reduced frequency response. For this reason, it is advised to use a medium-size aperture. 20 On the one hand, the use of a low power laser avoids the contribution of stimulated Brillouin Raman stimulated diffusion. Considering the optical fiber propagation properties, it is suggested to use 1300-nm band in order to avoid chromatic dispersion and the use of a polarization maintaining fiber. On the other hand, to improve the optoelectronic oscillator performance from the electronic component side, it is important to use low noise components, such as low noise microwave amplifier and low noise insertion highspeed photodetector (low shot noise). 21 For future work, it is important to enhance the microwave performance of the VCSEL packaging in order to avoid the use of a test probe facility and to facilitate the laser integration into the oscillator with no parasitic effect that degrades the direct modulation of the laser. The goal of achieving 5G frequency band carriers is accomplished with no need of frequency multiplication. It is a technology road that needs to be promoted for the development of better spectrum management and radio over fiber applications, such as remote carrier distribution. Laser direct intensity modulation. VCSEL source (low power consumption laser).
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